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ABSTRACT: Swine dysentery is a contagious muco-
hemorrhagic diarrheal disease caused by the intestinal 
spirochete Brachyspira hyodysenteriae that colonizes 
and induces inflammation of the cecum and colon. It 
has been reported that a diet containing chicory root 
and sweet lupin can prevent swine dysentery. This ex-
periment was conducted to test the hypothesis that in-
ulin in the chicory root rather than galactans in lupins 
was responsible for protective effects. An experiment 
with a 2 × 2 factorial arrangement of treatments was 
undertaken using pigs fed barley- and triticale-based 
diets, with the main effects being protein source [185 
g/kg of canola meal (decreased galactans) or 220 g/kg 
of lupins (greater galactans)] and inulin supplementa-
tion (0 or 80 g/kg). Forty Large White × Landrace pigs 
weighing 21 ± 3 kg, with 10 pigs per diet, were allowed 
to adapt to the diets for 2 wk, and then each pig was 
challenged orally 4 times with a broth culture contain-
ing B. hyodysenteriae on consecutive days. Pigs were 
killed when they showed clinical signs of dysentery or 
6 wk postchallenge. Pigs fed diets without inulin had 
8.3 times greater risk (P = 0.017) of developing swine 
dysentery and were 16 times more likely (P = 0.004) 
to have colon contents that were culture-positive for 
B. hyodysenteriae, compared with the pigs fed a diet 
with 80 g/kg of inulin. Diets containing lupins did not 
prevent pigs from developing clinical swine dysentery; 
however, inclusion of lupins or inulin or both in the 
diets delayed the onset of disease compared with the 
diet based mainly on canola meal (P < 0.05). Diet did 
not influence the total concentration of organic acids in 
the ileum, cecum, or upper and lower colon; however, 
the molar proportions of the organic acids were influ-
enced (P < 0.05). Consequently the pH values in the 
cecum, and upper and lower colon were not influenced 
(P > 0.05) by diet. However the pH values of the ileal 
digesta were decreased in pigs fed the diet with both 
lupins and inulin compared with the diet containing 
only lupins (P < 0.05). In conclusion, this study shows 
that diets supplemented with highly fermentable carbo-
hydrates from inulin protected pigs against developing 
swine dysentery.
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INTRODUCTION
Swine dysentery is a contagious mucohemorrhagic 
diarrheal disease observed mainly in grower and fin-
isher pigs. The causative agent of swine dysentery is the 
anaerobic intestinal spirochete Brachyspira hyodysente-
riae that, in association with other anaerobic members 
of the microbiota, induces extensive inflammation and 
erosion of the epithelial surface of the colon (Hampson 
et al., 2006). Swine dysentery can be controlled within 
infected herds using antimicrobials; however, strains of 
the spirochete with reduced antimicrobial susceptibil-
ity are being increasingly encountered (Karlsson et al., 
2002).
It is recognized that the diet of a pig can influence 
colonization by B. hyodysenteriae and the subsequent 
onset of swine dysentery (Pluske and Hampson, 2009). 
Several studies to elucidate how different types of car-
bohydrates affect the incidence of swine dysentery have 
been conducted, but the results have been contradic-
tory (Pluske et al., 1998; Kirkwood et al., 2000; Lin-
decrona et al., 2003). Recently, Thomsen et al. (2007) 
found that an organic diet containing sweet lupins and 
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dried chicory root prevented swine dysentery after ex-
perimental challenge with B. hyodysenteriae. However, 
they were unable to determine whether the dietary pro-
tection was due to the inulin from the dried chicory 
roots or the galactans supplied by the sweet lupins, or 
if both carbohydrate sources were needed to provide 
protection.
Accordingly, the purposes of the present experiment 
were to 1) investigate whether diets incorporating inu-
lin and lupins could prevent swine dysentery, 2) de-
termine whether either inulin or lupins independently 
could prevent swine dysentery, and 3) examine if any 
interaction between the 2 dietary carbohydrate sources 
could be demonstrated. The hypothesis tested was that 
a diet supplemented with inulin, but not lupins, would 
decrease the incidence of swine dysentery.
MATERIALS AND METHODS
This study was conducted with the approval of the 
Murdoch University Animal Ethics Committee. Ani-
mals were cared for according to the Australian Code of 
Practice for the Care and Use of Animals for Scientific 
Purposes (CSIRO, 2008).
Animals and Housing
Forty male pigs (Large White × Landrace) were ob-
tained at weaning from a commercial specific-patho-
gen-free piggery known to be free of swine dysentery 
(Wandalup Farms Ltd., Mandurah, Western Australia, 
Australia). The pigs were housed in 1 group at Mur-
doch University, and all were offered the same com-
mercially formulated diet without any feed additives or 
antimicrobial compounds until they reached a BW of 
20.9 ± 2.8 kg (mean ± SD). At this time, the pigs were 
allocated based on BW to 1 of 4 experimental diets. 
The pigs were housed in a temperature-controlled ani-
mal house in 2 identical rooms. Each room had 4 pens 
in a square arrangement so that each pen was adjacent 
to 2 other pens. The pens were raised above the ground 
and had fully slatted plastic floors and wire-mesh sides 
that allowed contact between the animal and passage 
of manure between pens. In each room there was 1 pen 
of 5 pigs per experimental diet. Each pen was equipped 
with a dry-feed single space feeder without water, and 
2 drinking bowls. Throughout the experiment, the pigs 
had ad libitum access to feed and water. Group housing 
was chosen to facilitate transmission of the pathogenic 
bacteria within and between groups (Pluske et al., 1996, 
1997). The pigs were allowed to adapt to the diets for 2 
wk before challenge with B. hyodysenteriae.
Diets and Experimental Design
The experimental design was a 2 × 2 factorial ar-
rangement with the main effects being protein source 
[185 g of canola meal (reduced galactans) or 220 g of 
lupins (greater galactans)/kg] and inulin supplementa-
tion (0 or 80 g/kg). Four experimental diets with con-
trasting proportions of fermentable carbohydrates (ga-
lactans and inulin) were formulated as shown in Table 
1. The experimental diets were based on barley and 
triticale and supplemented with canola meal, lupins, 
and inulin. Pea protein concentrate, canola oil, crystal-
line AA, minerals, and vitamins were used to balance 
for essential nutrients and ensure that the diets were 
iso-energetic. The diets were produced in mash form 
using the same batches of raw materials and did not 
contain any antimicrobials.
Challenge with B. hyodysenteriae  
and Assessment of Swine Dysentery
Australian B. hyodysenteriae strains WA1 and B/
Q02 were obtained as frozen stocks from the culture 
collection at the Reference Centre for Intestinal Spiro-
chetes, Murdoch University. The strains were thawed 
and grown in Kunkle’s pre-reduced anaerobic broth 
containing 2% (vol/vol) fetal bovine serum and 1% 
(vol/vol) ethanolic cholesterol solution (Kunkle et al., 
1986) and were incubated at 37°C on a rocking plat-
form until early log-phase growth was achieved.
Each morning for 4 consecutive days, all pigs were 
challenged via a stomach tube with 80 mL of broth 
culture containing approximately 108 cfu/mL of B. hyo-
dysenteriae. At this time the pigs had an average BW 
of 29.4 ± 3.7 kg (mean ± SD).
The pigs were weighed weekly and rectal swabs were 
taken from all pigs 2 times per week for spirochete 
culture. Visual fecal consistency scoring (1: firm, well 
formed, 2: soft, 3: loose, 4: watery, 5: watery with mu-
cus/blood) was conducted daily. Watery diarrhea with 
mucus/blood was considered a clinical sign of swine 
dysentery, with pigs showing this sign removed for 
postmortem examination within 48 h. All other pigs 
were removed for necropsy 42 d after the first day of 
challenge.
Postmortem
Euthanasia was by captive bolt stunning followed by 
exsanguination. The entire gastrointestinal tract was 
removed immediately and divided into 7 segments by 
ligatures. The segments were as follows: stomach, duo-
denum, jejunum, ileum, cecum, upper colon, and lower 
colon. The presence, distribution, and nature of gross 
lesions in the large intestine were recorded (La et al., 
2004), and swabs were taken from the wall of the cecum 
and proximal colon for spirochetal culture. The luminal 
contents were then removed by gently squeezing the 
material from the gut segment. The empty segments 
and collected material were weighed, and representa-
tive samples were collected in sterile plastic tubes that 
were snap frozen in liquid nitrogen within 10 min of eu-
thanasia. Samples for DM and VFA examination were 
stored at −20°C until analysis.
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At the time of euthanasia, approximately 5 g of di-
gesta from the ileum, cecum, and upper and lower colon 
segments were collected for ATP analyses. The samples 
were placed into sterile 15-mL conical tubes kept on ice, 
extracted with 10 mL of 2 mol/L of cold perchloric acid 
containing 10 mmol/L of EDTA, vortexed thoroughly, 
and then frozen in liquid nitrogen within 10 min of 
collection from the pig. Samples were stored at −80°C 
until analysis.
The pH of the digesta was measured by inserting 
the electrode of a calibrated portable pH meter (Schin-
dengen pH Boy-2, Schindengen Electric Mfg., Tokyo, 
Japan) into the collected sample. The DM content of 
samples was measured using the AOAC method (930.15; 
AOAC, 1997).
Histology
A cross-section of the ileum was collected for his-
tological examination and immediately fixed in 10% 
neutral buffered formalin. After fixation, the samples 
were dehydrated through an alcohol series, embedded 
in paraffin wax, sectioned at 3 µm, and stained with he-
matoxylin and eosin for histopathological examination. 
Measurements of villus height and crypt depth were 
taken only from sections where the plane of the section 
Table 1. Diet ingredients and chemical composition of the experimental diets 
Item
0 g/kg of inulin 80 g/kg of inulin
0 g/kg  
of lupin
220 g/kg  
of lupin
0 g/kg  
of lupin
220 g/kg  
of lupin
Ingredient, g/kg (as-fed)     
 Triticale 299.1 326.6 244.8 281.9
 Barley 448.6 391.8 401.9 338.4
 Canola meal 185.0 — 185.0 —
 Lupins — 220.0 — 220.0
 Inulin1 — — 80.0 80.0
 Pea protein concentrate2 34.6 18.9 56.1 40.2
 Canola oil 10.0 14.5 10.0 12.9
 Limestone 9.9 12.2 9.1 11.4
 Dicalcium phosphate 7.1 7.1 8.5 8.4
 Salt 3.5 3.7 3.6 3.7
 dl-Met — 0.8 — 0.7
 l-Lys 1.2 2.5 — 1.2
 l-Thr — 0.7 — 0.1
 l-Trp — 0.2 — 0.1
 Vitamin/mineral premix3 1.0 1.0 1.0 1.0
Calculated composition     
 PPE,4 MJ/kg 7.9 7.9 7.9 7.9
 SID5 CP, g/MJ of PPE 17.6 17.6 17.6 17.6
 SID Lys, g/MJ of PPE 1.00 1.00 1.00 1.00
 CP, g/kg 174 164 180 170
 Crude fat, g/kg 39.2 39.5 37.7 36.5
Analyzed composition     
 CP, g/kg 157 143 163 148
 Crude fat, g/kg 49.5 41.7 50.1 40.0
Calculated carbohydrate composition, g/kg (DM)     
 Glucose, sucrose, and fructose 32 39 32 39
 Fructans (inulin) 6 6 85 85
 Cellulose 34 50 31 47
 Soluble NCP6 36 31 33 27
 Insoluble NCP6 86 151 77 142
 NCP6 122 181 110 169
 NSP7 (cellulose + NCP6) 156 232 141 216
 Klason lignin 39 20 37 18
 Dietary fiber (NSP + lignin) 196 252 178 234
1BeneoST, Orafti, Tienen, Belgium.
2Kirkman, Portland, OR.
3Supplied per kilogram of diet: 60.0 mg of Fe (FeSO4); 10.0 mg of Cu (CuSO4); 40.0 mg of Mn (MnO); 100.0 mg of Zn (ZnO); 0.30 mg of Se 
(Na2SeO3); 0.50 mg of I (KI); 0.20 mg of Co (CoSO4); vitamin A, 7,000 IU; vitamin D3, 1,400 IU; vitamin E, 20.0 mg; vitamin K3, 1.0 mg; thia-
mine, 1.0 mg; riboflavin, 3.0 mg; pyridoxine, 1.5 mg; vitamin B12, 0.015 mg; pantothenic acid, 10.0 mg; folic acid, 0.2 mg; niacin, 12.0 mg; and 
biotin, 0.03 mg.
4PPE: potential physiological energy (Boisen, 2001).
5SID: standardized ileal digestible.
6NCP: noncellulosic polysaccharides.
7NSP: nonstarch polysaccharides.
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ran vertically from the tip of the villus to the base of 
an adjacent crypt. A calibrated eyepiece graticule was 
used to measure 10 of the tallest well-oriented villi from 
tip to crypt mouth, and 10 associated crypts from crypt 
mouth to base. For each pig, the average of the 10 mea-
surements was used in statistical analysis.
Bacteriological Analysis
Bacteriology swabs taken from feces, cecum, or co-
lon were streaked onto selective agar plates (Jenkinson 
and Wingar, 1981), consisting of Trypticase Soy agar 
(Becton Dickinson Microbiology Systems, Cockeysville, 
MD) containing 5% (vol/vol) defibrinated sheep blood, 
400 µg/mL of spectinomycin, and 25 µg/mL each of 
colistin and vancomycin (Sigma, St. Louis, MO). The 
plates were incubated for 5 to 7 d at 37°C in a jar 
with an anaerobic environment generated using a dis-
posable hydrogen + carbon dioxide generator envelope 
with palladium catalyst (GasPak Plus; Becton Dickin-
son Microbiology Systems, Franklin Lakes, NJ). The 
presence of low flat spreading growth of spirochetes on 
the plate and any hemolysis around the growth were 
recorded. Spirochetes were confirmed by selecting areas 
of suspected growth, resuspending in PBS, and examin-
ing the suspension under a phase-contrast microscope 
at 400× magnification. Spirochetes were identified as 
B. hyodysenteriae on the basis of strong β-hemolysis, 
microscopic morphology, and results of an NADH oxi-
dase gene PCR of cell growth on the plates. The PCR 
primers and conditions have been described previously 
(La et al., 2003).
Viscosity
Digesta viscosity was measured within 10 min of 
euthanasia in fresh contents collected from the ileum 
by first placing a sample of digesta in an Eppendorf 
tube, mixing on a vortex, and centrifuging at 12,000 
× g for 10 min at room temperature (Sigma Benchtop 
Centrifuge 1–15, Quantum Scientific Pty. Ltd., Milton, 
Queensland, Australia). The supernatant fraction (0.5 
mL) was placed in a coneplate rotational viscometer 
(CP40 Brookfield LVDV-II, Brookfield Engineering 
Laboratories Inc., Stoughton, MA) where the viscosity 
of all samples was measured (mPa·s) at 12 and 30 rpm 
at 37°C.
Feed, Organic Acids, and ATP
The N content of the feed was determined with a N 
analyzer (FP-428, Leco Corp., St Joseph, MI) using 
a combustion method (990.03; AOAC, 1997). Crude 
protein was calculated by multiplying the N content 
by 6.25. Crude fat was measured using AOAC Soxhlet 
method (960.39; AOAC, 1997).
The concentrations of organic acids (formic acid, 
VFA, lactic acid, and succinic acid) in the ileal contents 
were analyzed by the method described by Jensen et 
al. (1995). The VFA concentrations in cecal and colon 
contents were determined as described by Heo et al. 
(2008).
The concentration of ATP in the digesta from the 
ileum, cecum, and upper and lower colon was measured 
by the luciferin-luciferase method to provide an indi-
cator of overall microbial activity. Collected samples 
were thawed, mixed thoroughly, and then centrifuged 
at 5,500 × g for 30 min at 4°C. One milliliter of the 
supernatant was added to 200 µL of Tris buffer (0.2 
mol/L, pH 7.4) before neutralization with 0.5 mol/L of 
KOH (to pH 7.4 to 7.6). After recentrifugation (5,500 
× g for 30 min at 4°C), the supernatant was removed, 
stored on ice, and then the amount of ATP was deter-
mined using an assay kit (Enliten ATP Assay System, 
Promega, Madison, WI) with a plate luminator (Beck-
man Coulter DTX 880, Beckman Coulter Australia, 
Gladesville, New South Wales, Australia).
Statistical Analysis
All statistical analyses were performed using SAS 
(SAS Inst. Inc., Cary, NC) with each pig regarded as 
the experimental unit, given that each pig was chal-
lenged. A binary response was recorded for each pig 
with respect to colonization with B. hyodysenteriae. 
Data were analyzed with a logistic regression model 
using the GENMOD procedure in SAS:
Logit(Pijk) = µ + αi + βj + γk,
where Pijk is the probability for a pig showing clinical 
signs of swine dysentery or being culture-positive for B. 
hyodysenteriae, µ is the overall mean, αi is the effect of 
lupin (galactans), βj is the effect of inulin inclusion, and 
γk is a random effect of room.
The effect of lupin and inulin inclusion on the various 
quantitative variables measured were analyzed by the 
GLM procedure of SAS using the following model:
Yijk = µ + αi + βj + (αβ)ij + γk + εijk,
where Yijk is the observed response, µ is an overall 
mean, αi is an effect of lupin, βj is effect of inulin, 
(αβ)ij is effect of interaction between lupin and inulin, 
γk is effect of room, and εijk is the residual error, which 
is assumed independent and normally distributed. If 
the interaction between lupins and inulin was not sig-
nificant (P > 0.05), it was excluded from the model. 
When the interaction between lupin and inulin was sig-
nificant, differences between means were compared by 
Student’s t-test. Statistical significance was accepted at 
P ≤ 0.05, and P ≤ 0.10 was considered a trend.
RESULTS
One pig fed the diet containing lupin and inulin died 
17 d after challenge. The exact cause of death was not 
identified at a postmortem examination; however, the 
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pig did not have swine dysentery and the gross and 
histological findings indicated that an acute, terminal 
septic infection was the cause. Generally, the protein 
content in all the experimental diets was less than ex-
pected (Table 1) due to unanticipated differences in the 
fat and protein contents of the lupins and canola meal. 
The crude fat content was greater than anticipated 
in the diets containing canola meal, again due to the 
greater than expected fat content in this ingredient.
Incidence of Swine Dysentery  
and Re-isolation of B. hyodysenteriae
When expressed as number of days from challenge 
with B. hyodysenteriae until the pigs were killed, lupin 
and inulin inclusion delayed the onset of disease com-
pared with the diet based mainly on canola meal (Table 
2). The incidence of swine dysentery and re-isolation of 
B. hyodysenteriae in feces and colon digesta are shown 
in Table 3. The pigs fed diets without inulin had 8.3 
times (P = 0.017) more risk of developing swine dysen-
tery and were 16 times (P = 0.004) more likely to have 
colon contents that were culture-positive for B. hyo-
dysenteriae at euthanasia compared with the pigs fed a 
diet with 80 g/kg of inulin. Accordingly, pigs fed diets 
without inulin had a tendency (P = 0.084) to represent 
a greater risk of having fecal samples culture positive 
for B. hyodysenteriae during the experiment. The diets 
containing lupins failed (P = 0.687) to protect the pigs 
in this experiment from developing swine dysentery or 
reduce the risk of having B. hyodysenteriae in feces (P 
= 0.278) and colon contents (P = 0.484).
Viscosity, DM, and pH Values
The ileal contents of pigs fed diets containing lupins 
were more viscous (P = 0.010) compared with pigs fed 
the diets without lupins (Table 4). At the same time, 
there was a tendency (P = 0.078) for a greater DM con-
tent (1.7 percentage units) in the ileum of pigs fed diets 
containing 80 g/kg of inulin. The DM content in the 
cecum was not influenced by the diets fed; however, in 
the upper colon, the DM content was less (P < 0.001) 
in pigs fed the diet without inulin and lupins. In the 
lower colon, the DM content was greater (P = 0.005) in 
pigs fed the diet containing inulin compared with pigs 
fed the diet without lupins and inulin. The pH values of 
the ileal digesta were less in pigs fed the diet with both 
lupins and inulin compared with the diet containing 
only lupins (P = 0.017). In the cecum and upper and 
lower colon, the pH values were not influenced by diet.
ATP and Organic Acids in Digesta
Elevated concentrations of ATP (P < 0.003) were 
found in the upper colon of pigs fed diets containing 
inulin compared with the other diets (Table 4). No di-
etary effects (P > 0.05) on ATP concentration were 
detected in the ileal, cecal, or lower colon digesta.
Diet did not affect (P > 0.05) the total concentration 
of organic acids in the ileum, cecum, or upper or lower 
colon (Table 5). However, the molar proportions of the 
organic acids were influenced by diet. In the ileum, the 
proportion of lactic acid was greater (P = 0.040) and 
the proportion of acetic acid less (P = 0.033) in pigs fed 
diets containing inulin. The percentage of acetic acid 
was less (P = 0.006) in the cecum, whereas the percent-
age of butyric (P = 0.003) and valeric (P < 0.001) acids 
were greater in pigs fed inulin. The percentage of acetic 
acid was less (P < 0.05) in the upper colon in pigs fed 
the diet without inulin and lupins, but the percentage 
of propionic acid was greater (P = 0.003) in the pigs 
fed lupins. The percentages of butyric and caproic acids 
were greater (P < 0.05) in the upper colon of pigs fed 
the diet containing only inulin.
Ileal Histology
The villi in the ileum were greater (P = 0.016) in 
pigs fed the diets containing lupins and tended (P = 
0.072) to be greater in the pigs fed diets supplemented 
with inulin (Table 6). Crypt depth in the ileum was not 
affected by the dietary treatments, but the villus:crypt 
ratio was increased (P = 0.042) in pigs fed inulin.
Table 2. Average number of days until pigs fed diets containing inulin, lupins, or both developed clinical swine 
dysentery or were killed and BW gain of these pigs 
Item
0 g/kg of inulin 80 g/kg of inulin
SEM
P-value
0 g/kg  
of lupin
220 g/kg  
of lupin
0 g/kg  
of lupin
220 g/kg  
of lupin Inulin Lupin
Inulin  
× Lupin
No. of pigs 10 10 10 10     
No. of days1 18.3a 34.5b 41.1b 36.7b 1.5 0.001 0.012 0.008
ADG, g/d (2-wk adaptation period2) 654 578 626 562 38 0.500 0.068 0.873
ADG, g/d (3 wk postchallenge3) 421a 826b 950b 889b 109 0.010 0.122 0.039
a,bValues within a row without a common superscript differ (P < 0.05).
1Average number of days until pigs developed clinical swine dysentery or were killed after challenge with Brachyspira hyodysenteriae. Pigs were 
killed when they developed clinical swine dysentery or at the end of the experiment 42 d postchallenge.
2ADG of the pigs in the first 2 wk of the experiment before challenge with B. hyodysenteriae.
3ADG of the pigs in the first 3 wk after challenge with B. hyodysenteriae.
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Diets and Pig Performance
Pigs fed diets containing lupins tended to grow 
more slowly than pigs fed diets based on canola meal 
(P = 0.068) in the 2-wk adaptation period before be-
ing challenged with B. hyodysenteriae (Table 2). In 
the first 3 wk postchallenge, pigs fed the diet contain-
ing canola meal without inulin supplementation grew 
more slowly than pigs fed the other experimental diets 
(P < 0.05).
Table 3. Number of positive pigs and relative risk1 of a pig being culture-positive for Brachyspira hyodysenteriae 
or showing clinical signs of swine dysentery2 
Item








of lupin Inulin Lupin
Pigs challenged 10 10 10 10    
Pigs with clinical swine 
 dysentery
7 3 0 3    
Relative risk of clinical swine 
 dysentery
12.3 1.0 0.0 1.0  Inulin: 1 
No inulin: 8.3 
(1.7 to 58.0) 
P = 0.017
Lupin: 1 
Canola meal: 1.4 
(0.3 to 7.3) 
P = 0.687
Pigs shedding B. hyodysenteriae 
 in feces, culture
7 3 2 3    
Relative risk of culture-positive 
 B. hyodysenteriae feces
15.6 1.9 1.0 1.9  Inulin: 1 
No inulin: 3.8 
(0.9 to 19.4) 
P = 0.084
Lupin: 1 
Canola meal: 2.3 
(0.5 to 10.8) 
P = 0.278
Pigs with culture-positive  
 B. hyodysenteriae colon 
 content at euthanasia
8 5 1 2    
Relative risk of culture-positive 
 B. hyodysenteriae colon 
 content at euthanasia
79.8 14.0 1.0 3.2  Inulin: 1 
No inulin: 16.0 
(3.0 to 142.2) 
P = 0.004
Lupin: 1 
Canola meal: 1.8 
(0.4 to 10.1) 
P = 0.484
1The relative risk is the risk of an event in the group of interest compared with the reference group.
2The relative risk and 95% confidence intervals are given.
3These main effects are compared in these columns.
Table 4. Ileal viscosity, DM, pH, and ATP concentration in digesta1 
Item
0 g/kg of inulin 80 g/kg of inulin
SEM
P-value
0 g/kg  
of lupin
220 g/kg  
of lupin
0 g/kg  
of lupin
220 g/kg  
of lupin Inulin Lupin
Inulin  
× Lupin
Viscosity, mPa·s         
 Ileum 5.77 8.05 4.66 8.96 1.20 0.917 0.010 0.405
DM, %         
 Ileum 13.4 14.6 16.1 15.3 1.0 0.078 0.809 0.311
 Cecum 16.0 17.6 15.2 14.8 1.5 0.233 0.650 0.502
 Upper colon 13.5a 18.9b 19.2b 19.9b 1.0 0.002 0.002 0.024
 Lower colon 14.8a 19.1ab 23.0b 18.1ab 1.9 0.070 0.875 0.024
pH         
 Ileum 6.6ab 6.9a 6.8ab 6.4b 0.2 0.313 0.728 0.015
 Cecum 5.6 5.8 5.3 5.8 0.2 0.404 0.131 0.492
 Upper colon 5.6 5.7 5.4 5.7 0.2 0.465 0.200 0.630
 Lower colon 6.0 6.1 5.9 6.4 0.2 0.767 0.162 0.323
ATP,2 µg/g of digesta
 Ileum 10.6 8.4 11.1 11.6 2.4 0.461 0.739 0.581
 Cecum 17.2 16.3 19.0 17.4 2.8 0.606 0.657 0.906
 Upper colon 23.7 23.6 39.2 29.7 3.6 0.003 0.196 0.196
 Lower colon 23.4 22.0 24.9 28.0 4.4 0.412 0.865 0.604
a,bWithin a row, values without a common superscript differ (P < 0.05).
1Digesta samples were collected from different segments of the gastrointestinal tract at the day of euthanasia in pigs fed diets containing inulin 
or lupins or both and experimentally challenged with Brachyspira hyodysenteriae. Ten pigs per dietary treatment.
2Wet-weight basis.
Hansen et al.3332
 by Bruce Mullan on September 8, 2010. jas.fass.orgDownloaded from 
Table 5. Total VFA and lactic acid concentrations and molar proportion of the organic acids in digesta1 
Item
0 g/kg of inulin 80 g/kg of inulin
SEM
P-value
0 g/kg  
of lupin
220 g/kg  
of lupin
0 g/kg  
of lupin
220 g/kg  
of lupin Inulin Lupin
Inulin  
× lupin
Ileum         
 Total VFA + lactic acid,2,3 
  mmol/kg of digesta
39.1 30.9 29.2 35.1 6.5 0.638 0.839 0.280
 Lactic acid, % 62.7 64.1 81.5 82.6 8.9 0.040 0.887 0.985
 Acetic acid, % 28.3 27.5 10.5 12.8 7.5 0.033 0.926 0.832
 Propionic acid, % 0.4 1.5 0.1 0.7 0.5 0.342 0.114 0.679
 Other VFA,4 % 8.5 6.9 7.9 3.9 2.3 0.439 0.225 0.605
Cecum         
 Total VFA,3 mmol/kg 
  of digesta
161.6 159.1 173.9 154.7 13.4 0.754 0.423 0.538
 Acetic acid, % 37.4 34.9 31.3 30.4 1.8 0.006 0.345 0.670
 Propionic acid, % 36.3 40.3 36.0 37.1 1.8 0.346 0.164 0.433
 Butyric acid, % 18.4 17.8 23.1 21.4 1.3 0.003 0.399 0.707
 Valeric acid, % 5.3ab 4.8a 7.3b 9.8c 0.8 <0.001 0.204 0.053
 Caproic acid, % 0.58 0.38 0.64 0.51 0.11 0.422 0.151 0.759
 Isobutyric acid, % 0.58 0.52 0.15 0.60 0.26 0.496 0.478 0.330
 Isovaleric acid, % 1.5 1.5 1.6 2.4 0.5 0.236 0.393 0.378
Upper colon         
 Total VFA,3 mmol/kg 
  of digesta
178.1 189.1 204.0 176.7 15.1 0.637 0.622 0.214
 Acetic acid, % 37.1a 32.0b 30.0b 31.8b 1.3 0.008 0.199 0.012
 Propionic acid, % 36.1 40.9 35.8 40.2 1.5 0.734 0.003 0.879
 Butyric acid, % 17.5a 17.2a 21.6b 15.6a 1.1 0.288 0.008 0.016
 Valeric acid, % 5.9 6.2 9.9 8.4 0.6 <0.001 0.385 0.166
 Caproic acid, % 0.62a 0.64a 1.17b 0.62a 0.13 0.045 0.042 0.033
 Isobutyric acid, % 0.91 0.94 0.20 0.88 0.32 0.219 0.279 0.310
 Isovaleric acid, % 1.8 2.1 1.4 2.5 0.5 0.974 0.178 0.417
Lower colon         
 Total VFA,3 mmol/kg 
  of digesta
151.6 153.5 166.6 142.1 14.0 0.878 0.438 0.351
 Acetic acid, % 39.5 35.6 34.7 35.7 1.5 0.118 0.318 0.107
 Propionic acid, % 33.5 37.8 39.1 40.7 1.6 0.013 0.070 0.402
 Butyric acid, % 16.4 16.4 15.5 12.7 0.9 0.022 0.163 0.144
 Valeric acid, % 5.3 5.2 7.3 6.0 0.5 0.004 0.124 0.220
 Caproic acid, % 0.83a 0.83a 1.19b 0.75a 0.13 0.195 0.047 0.049
 Isobutyric acid, % 1.57 1.39 0.40 1.12 0.30 0.022 0.403 0.140
 Isovaleric acid, % 2.9 2.8 1.9 3.1 0.5 0.473 0.252 0.155
a–cWithin a row, values without a common superscript differ (P < 0.05).
1Digesta samples collected from different segments of the gastrointestinal tract at the day of euthanasia in pigs fed diets containing inulin or 
lupins or both and experimentally challenged with Brachyspira hyodysenteriae. Ten pigs per dietary treatment.
2Sum of lactic acid and the measured VFA.
3Wet-weight basis.
4Sum of butyric, valeric, caproic, isobutyric, isovaleric, and succinic acid.
Table 6. Villus height, crypt depth, and villus-height-to-crypt ratio in ileal samples1 
Item
0 g/kg of inulin 80 g/kg of inulin
SEM
P-value
0 g/kg  
of lupin
220 g/kg  
of lupin
0 g/kg  
of lupin
220 g/kg  
of lupin Inulin Lupin
Inulin  
× lupin
Villus height, µm 317 354 344 382 15 0.072 0.016 0.961
Crypt depth, µm 259 290 262 252 16 0.277 0.478 0.206
Villus:crypt ratio 1.26 1.23 1.34 1.60 0.10 0.042 0.288 0.152
1Ileal samples collected at the day of euthanasia from pigs fed diets containing inulin or lupins or both and experimentally challenged with 
Brachyspira hyodysenteriae. Ten pigs per dietary treatment.
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DISCUSSION
Dietary Inulin
The results of the current experiment confirm the 
results of Thomsen et al. (2007) and demonstrate that 
the carbohydrate fraction of the diet plays an important 
role in the pathogenesis of swine dysentery. The cur-
rent study identified inulin as being the main protective 
component of the diet, such that diets containing 80 g/
kg of inulin reduced the risk of pigs developing clinical 
swine dysentery and reduced the number of challenged 
pigs that contained B. hyodysenteriae in the colon di-
gesta. In contrast, almost all pigs fed the diet contain-
ing canola meal showed swine dysentery and had B. 
hyodysenteriae in their colon contents. Other research-
ers have also found that fermentable carbohydrates in-
fluence the development of swine dysentery. In a field 
study, Bilic and Bilkei (2003) observed that a diet sup-
plemented with wheat shorts and corn starch reduced 
the incidence of swine dysentery compared with a diet 
containing less fermentable carbohydrates, even though 
the diet did not protect the pigs from developing swine 
dysentery. In contrast, a North American study using 
fermentable carbohydrates from sugar beet pulp, wheat 
shorts, and potato starch failed to prevent the develop-
ment of disease caused by B. hyodysenteriae (Kirkwood 
et al., 2000). In a study by Pluske et al. (1996), feeding 
diets that contained wheat, barley, or oat groats were 
associated with an almost 100% incidence of swine dys-
entery. The amount of total nonstarch polysaccharides 
(NSP) in these diets was 89, 137, and 77 g/kg of DM, 
respectively. In the present experiment, the total NSP 
content in the diets varied from 141 to 232 g/kg of DM, 
so clearly the properties of the dietary carbohydrate 
fraction are important factors when formulating diets 
to control swine dysentery infections in pigs.
Nevertheless, the data from the current study seem-
ingly contradict previous findings where diets supple-
mented with soluble NSP and resistant starch were 
found to facilitate the development of swine dysentery 
in comparison with diets with decreased fermentable 
carbohydrates and resistant starch (i.e., diets based on 
cooked white rice and animal protein) that were found 
to be completely protective against swine dysentery 
(Pluske et al., 1996, 1998; Siba et al., 1996). In these 
reports, it was suggested that an increased amount of 
fermentable carbohydrates entering the large intestine 
was associated with an increased prevalence of swine 
dysentery because diets based on cooked white rice pro-
vided little substrate for fermentation in the hindgut. 
On the other hand, attempts by Kirkwood et al. (2000) 
and Lindecrona et al. (2003) to reproduce these results 
failed. In response, Pluske and Hampson (2009) sug-
gested that this could be due to differences in the viru-
lence of the different strains of B. hyodysenteriae used 
in the different studies or that differences in rice pro-
cessing could be of importance.
Fermentation of inulin by the indigenous microbiota 
results in the production of VFA, gases, and organic ac-
ids (Gibson and Roberfroid, 1995); however, the lumi-
nal pH values and concentration of VFA in the ileum, 
cecum, and upper and lower colon were unaffected by 
dietary treatment in the current experiment. Accord-
ingly, Lynch et al. (2007) also failed to detect any dif-
ferences in cecal or colonic pH or VFA concentration 
when feeding inulin to finisher pigs. In contrast, Halas 
et al. (2009) using weaner pigs and Loh et al. (2006) 
using grower pigs observed smaller total VFA concen-
trations in the large intestine when supplementing the 
diet with inulin.
Nevertheless, in the present experiment, feeding inu-
lin influenced the proportion of organic acids in the 
luminal contents. Inulin-fed pigs had a decreased pro-
portion of acetic acid in the ileum and cecal contents, 
which is in agreement with observations by Loh et al. 
(2006) and Halas et al. (2009). Interestingly, feeding 
inulin increased the concentration of butyric acid in the 
cecum and upper colon but decreased it in the lower co-
lon. However, according to Cummings and Macfarlane 
(1991), dietary inulin mainly stimulates lactobacilli 
that produce lactic and acetic acid, and hence butyrate 
and valerate production should not be stimulated. In 
humans, it has been shown that butyrate-producing 
bacteria can be net utilizers of acetate, and Bindelle 
et al. (2008) reported that the proportion of acetate is 
reciprocal to the concentration of butyrate due to bac-
terial cross-feeding. Therefore, it is probable that the 
smaller proportion of acetic acid in the inulin-fed pigs 
may be linked with an increased proportion of butyric 
and valeric acid, and consequently increased numbers 
of microbes producing those acids. Feeding inulin might 
have caused an increase in lactate-producing bacteria 
that, in turn, could stimulate lactate-utilizing butyrate 
producers such as Megasphaera elsdenii (Mølbak et al., 
2007).
Collectively, these data indicate that dietary supple-
mentation with inulin most likely influenced bacterial 
populations in pigs fed these diets, resulting in the ob-
served changes in VFA concentrations and proportions. 
Changes in bacterial populations also might have af-
fected the pathogenesis of swine dysentery. Generally it 
is possible to modify either microbial balance or meta-
bolic activity alone (Fonty et al., 1993). Examination 
of the concentration of ATP in digesta in the current 
experiment reveals that bacterial activity seemed iden-
tical among dietary treatments in the ileum, cecum, 
and lower colon. On the other hand, an increased ATP 
concentration in the upper colon of the pigs receiving 
inulin most likely reflects an increased number of bac-
teria in these pigs.
A change in the proportion of organic acids in the 
ileum indicates that the ileum harbors sufficient num-
bers of bacteria to ferment inulin, which to some extent 
could explain the absence of an inulin effect on pH val-
ues and VFA content in the large intestine. However, it 
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is possible that inulin-induced changes to the ileal mi-
crobiota and contents will be disseminated to the large 
intestine potentially affecting fermentation in the cecum 
and colon. The different dietary effects on swine dys-
entery expression are most likely linked to diet-related 
changes in the intestinal microbial community (Leser et 
al., 2000). Such changes might inhibit the colonization 
of B. hyodysenteriae or any of the synergistic bacteria, 
which have been reported to facilitate colonization by 
B. hyodysenteriae (Whipp et al., 1979).
Lupin Inclusion
Lupin inclusion at 220 g/kg in the diets did not pre-
vent disease even though the onset of disease was de-
layed. These observations are in accordance with find-
ings by Siba et al. (1996). In that study, feeding dehulled 
lupins at 150 g/kg in a cooked white rice-based diet and 
a whole-wheat diet resulted in 83.3 and 62.5% of the 
challenged pigs, respectively, developing swine dysen-
tery. In the current experiment, lupin inclusion did not 
affect the concentration or proportion of lactic acid or 
VFA in the ileum or the cecum. In the upper and lower 
colon, lupin increased the proportion of propionic acid. 
In contrast, a Spanish study found a greater concentra-
tion of lactate, acetate, and isobutyrate in the ileal con-
tents of Iberian pigs fed a lupin-based diet compared 
with a soybean-based diet (Rubio et al., 2005).
Ileal Histology and Performance
The length of the villi and crypts in this experiment 
were similar to observations in grower pigs made by He-
demann et al. (2005). Similarly, increased villus height 
in rats fed inulin has been reported (Kim, 2002). The 
longer villi in the ileum of pigs fed lupins and inulin 
might be related to a greater absorption of nutrients 
and energy in these pigs. The villus:crypt ratio express-
es the balance between cell loss from the villi and cell 
production in the crypt. In this study, the inulin-fed 
pigs had a greater ratio indicating less cell loss, which 
in turn could have positive implications for the ability 
of these animals to digest and absorb nutrients (Pluske 
et al., 1997) and thus the potential for better perfor-
mance of those animals.
In the present experiment, care should be taken when 
interpreting the slower growth of the pigs fed lupins 
in the adaptation period before challenge because the 
experiment was not designed to detect differences in 
performance. However, Nørgaard and Fernandez (2009) 
recently observed reduced performance in organically 
reared pigs fed diets containing 250 g/kg of lupins. In 
the present experiment, the pigs fed lupins showed an 
increase in ileal digesta viscosity, which has been as-
sociated with reduced interaction between nutrient and 
digestive enzymes and decreased nutrient digestibility 
(O’Connell et al., 2005) and possibly explains the re-
duced growth rate. In accordance with the present find-
ing, Pluske et al. (2007) observed an increased ileal 
viscosity in pigs fed a diet based on wheat, barley, and 
lupin compared with feeding rice-based diets. The slow-
er growth rate of the pigs fed the diet with canola meal 
without inulin postchallenge was due to these pigs de-
veloping swine dysentery sooner than pigs on the other 
dietary treatments. Because the CP content was less 
than predicted in all the experimental diets, this likely 
had no influence on the performance observed.
Conclusions
Previously, it was not possible to determine whether 
dried chicory roots supplying inulin or galactans from 
sweet lupins in the diet were responsible for the pro-
tection against B. hyodysenteriae in pigs that was ob-
served by Thomsen et al. (2007). The current experi-
ment demonstrates that pigs fed inulin had a reduced 
risk of developing swine dysentery, whereas the onset of 
disease was delayed in pigs fed lupin. Diets supplement-
ed with highly fermentable carbohydrates from inulin 
may protect pigs against developing swine dysentery by 
modifying the normal microbiota in the gastrointestinal 
tract.
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